A premature termination codon (PTC) in the ORF of an mRNA generally leads to production of a truncated polypeptide, accelerated degradation of the mRNA, and depression of overall mRNA expression. Accordingly, nonsense mutations cause some of the most severe forms of inherited disorders. The small-molecule drug ataluren promotes therapeutic nonsense suppression and has been thought to mediate the insertion of near-cognate tRNAs at PTCs. However, direct evidence for this activity has been lacking. Here, we expressed multiple nonsense mutation reporters in human cells and yeast and identified the amino acids inserted when a PTC occupies the ribosomal A site in control, ataluren-treated, and aminoglycosidetreated cells. We find that ataluren's likely target is the ribosome and that it produces full-length protein by promoting insertion of nearcognate tRNAs at the site of the nonsense codon without apparent effects on transcription, mRNA processing, mRNA stability, or protein stability. The resulting readthrough proteins retain function and contain amino acid replacements similar to those derived from endogenous readthrough, namely Gln, Lys, or Tyr at UAA or UAG PTCs and Trp, Arg, or Cys at UGA PTCs. These insertion biases arise primarily from mRNA:tRNA mispairing at codon positions 1 and 3 and reflect, in part, the preferred use of certain nonstandard base pairs, e.g., U-G. Ataluren's retention of similar specificity of near-cognate tRNA insertion as occurs endogenously has important implications for its general use in therapeutic nonsense suppression. nonsense suppression | readthrough | Translarna | base mispairing N onsense mutations are responsible for ∼10-15% of the singlebase-pair mutations that cause human disease, with some disease genes having considerably higher nonsense mutation frequencies (1) . Patients with genetic disorders attributable to nonsense mutations tend to have more serious ramifications than those with missense mutations, presumably because of marked reductions in specific gene expression. Because all diseases caused by nonsense mutations share the same key gene expression problems, namely premature translation termination and accelerated mRNA decay, therapeutic approaches to these problems are being investigated, with the understanding that a single drug has the potential to treat a large number of different disorders (1, 2) . Normally, the in-frame UAG, UAA, and UGA codons that arise in mRNA from nonsense mutations serve as signals for translation termination, but this role can be functionally overridden by alterations in the translation machinery or by the presence of certain small molecules that compromise the fidelity of translation termination (1, 2) . Such nonsense suppression, or nonsense codon readthrough, by a ribosome engaged in peptide elongation has been predominantly observed in the context of premature termination codons (PTCs) and is thought to reflect ribosomal A site acceptance of a near-cognate tRNA and subsequent incorporation of an amino acid into the nascent polypeptide at the position of the PTC (1, 2) .
The small-molecule drug ataluren (3-[5-(2-fluorophenyl)-1,2,4oxadiazol-3-yl]-benzoic acid; also known as Translarna or PTC124) is being evaluated both preclinically and clinically for its ability to promote therapeutic nonsense suppression (1, 3) . To date, ataluren has been shown to restore function to more than 20 different disease-specific or reporter nonsense alleles in systems ranging in complexity from in vitro translation to cell culture to mouse models and human patients (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In the latter, Translarna clinical trials have demonstrated restoration of full-length functional protein in Duchenne muscular dystrophy and cystic fibrosis nonsense mutation patients (10, 11, 13, 15, 16) . However, a lack of activity has been reported for some cell systems (17, 18) .
Here, we have investigated the mechanistic basis of PTC readthrough induced by ataluren in human and yeast cells and compared it to the activity of two other readthrough-promoting compounds, the aminoglycosides G418 and gentamicin. Using multiple reporters and a physiologically relevant CFTR (cystic fibrosis transmembrane conductance regulator) nonsense allele, we have determined the nature of the translation events at PTCs when cells are treated with these drugs. Our study provides comprehensive characterization of the products of PTC readthrough and elucidates the nature of the nonstandard codon:anticodon base pairings that are favored under physiological conditions in the cell. These proof-of-concept
Significance
The drug ataluren restores activity to otherwise nonfunctional nonsense alleles, a capability possibly reflecting the insertion of near-cognate aminoacyl tRNAs at premature termination codons during protein synthesis. Because nonsense alleles comprise a significant fraction of all alleles causing inherited disorders, drugs that promote such nonsense codon readthrough have broad therapeutic potential. However, the effectiveness of therapeutic nonsense suppression depends on the nature of the amino acids inserted at each of the three nonsense codons. Here we demonstrate that ataluren does indeed promote insertion of near-cognate tRNAs at nonsense codons, that the latter process yields functional proteins, and that specific codon:anticodon base pairings are critical to this process. These results should enable predictions of better clinical outcomes with therapeutic nonsense suppression. experiments establish unambiguously that these compounds promote insertion of near-cognate tRNAs at PTCs and provide insight into the likelihood of functionality for the products of therapeutic nonsense suppression.
Results

Ataluren Promotes Nonsense Suppression in Mammalian Cells and Yeast.
Six different PTC reporter genes, including some with multiple alleles, were used to monitor different aspects of nonsense codon readthrough in human cells and yeast (SI Appendix, Fig. S1 ). PTCcontaining transcripts arising from selected reporters are substrates for nonsense-mediated mRNA decay (SI Appendix, Fig. S2 ). Ataluren treatment of mammalian 293H cells stably transfected with wild-type (WT) or PTC(W12X)-containing NanoLuc (19) reporters promoted a bell-shaped dose-response, with a peak ninefold increase in luciferase activity derived from the PTC reporter at 10 μM (Fig. 1 ). This result was attributable to readthrough of the reporter mRNA's premature UGA codon, and not protein stabilization (18) , because ataluren treatment of 293H cells stably expressing WT NanoLuc had no effect on NanoLuc activity (Fig. 1B) . In SI Appendix, Fig. S3 A and B demonstrate that ataluren (and G418) also promote readthrough of different p53 UGA alleles in Calu6 and HDQ cells and of a UGA PTC in an H2B-GFP reporter (6) expressed in 293H cells.
Yeast WT [PSI−] cells devoid of the prion form of Sup35 (to ensure that the readthrough observed was solely attributable to drug treatment) showed ataluren-dependent increases in readthrough from the HA-HIS3 (UAA100) -SF or HA-LUC (UGA20) -SF reporter mRNAs without concomitant changes in mRNA levels albeit at higher concentrations than used for mammalian cells, a difference probably attributable to the yeast cell membrane ( Fig. 1C ; SI Appendix, Figs. S2 A and B and S4). This indicated that ataluren treatment directly affected reporter protein abundance, not alterations in transcription, mRNA processing, or mRNA stability. In cycloheximide chase assays, ataluren treatment also did not change the half-life of the full-length His3 readthrough protein, indicating that the drug affects PTC readthrough per se (SI Appendix, Fig. S5 ). Consistent with this conclusion, the prematurely terminated His3 polypeptide fragment that is detectable only by its N-terminal tag in upf1Δ cells (20) decreases in abundance as synthesis of the full-length His3 product increases (Fig. 1C , Top; see "His3 PTC" in DMSO and ataluren lanes in upf1Δ cells).
Near-Cognate tRNAs Facilitate Ataluren-Mediated Readthrough. We identified the amino acids inserted at PTCs in drug-treated cells using a firefly luciferase (LUC) reporter system that yields highly purified readthrough products and well-resolved peptides suitable for mass spectrometry and amino acid sequence determination (SI Appendix, Fig. S1C ) (21) . It has been suggested that ataluren is an inhibitor of firefly luciferase and that its reported nonsense suppression activity simply reflects stabilization of the luciferase enzyme (18, 22) . We consider this claim to be spurious because (i) ataluren-mediated readthrough has been observed in numerous other systems ( Fig. 1 and SI Appendix, Fig. S3 ) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 23) ; (ii) the effects on luciferase activity could not be independently replicated by others (24) or by us (SI Appendix, Fig. S3C ); (iii) ataluren's putative luciferase inhibitory activity depends on a specific enzyme substrate (25) ; and (iv) most of the hypothetical inhibitory molecule, PTC124-AMP (22) , is rapidly converted to the active readthrough molecule PTC124 (ataluren) under conditions of in vitro translation (SI Appendix, Fig. S6 ). Accordingly, three of the HA-LUC (PTC20) -SF reporters were separately expressed in yeast WT [PSI−] cells. Strep-Tactin purification of the respective readthrough products synthesized in the absence or presence of ataluren was monitored by gel electrophoresis to resolve full-length proteins (SI Appendix, Fig. S7 ). Following silver staining of the gel, the band corresponding to full-length luciferase protein was excised and subjected to endo-LysC digestion and LC-MS/MS analysis, and amino acid insertion frequencies were determined as described previously (21) . Analysis of the readthrough products purified from untreated cells showed the incorporation of Gln, Lys, and Tyr at UAA and UAG and insertion of Trp, Arg, and Cys at UGA, all of which were similar to results reported previously for endogenous background readthrough ( Fig.  2A ) (21, 26) . Readthrough products purified from cells treated with ataluren showed that Gln, Lys, and Tyr were also inserted when UAA was the PTC ( Fig. 2A ). Three independent experiments revealed that the frequencies of insertion of Tyr and Gln were comparable (51.5 ± 2% and 46.4 ± 2%, respectively) and that Lys was inserted at a much lower frequency (2 ± 1.7%) ( Fig.  2A ). Readthrough from UAG resulted in the insertion of the same sets of amino acids, but with different frequencies. Gln insertion predominated, with a frequency of 88 ± 3.6%, whereas Tyr (8.6 ± 2%) and Lys (3.3 ± 1.5%) had somewhat similar insertion frequencies ( Fig. 2A ). With UGA as the PTC, ataluren treatment resulted in the incorporation of Trp, Arg, and Cys, with Trp insertions occurring at a much higher frequency (86.3 ± 3%) than those of Arg (4.6 ± 2%) or Cys (9 ± 2%) ( Fig. 2A) . A comparison of the endogenous readthrough events with those mediated by ataluren indicates that there are no major differences in the respective amino acid insertion frequencies in yeast cells.
In contrast to the results obtained when readthrough was promoted by ataluren, treatment of [PSI−] yeast cells with 7.5 μM G418 showed a significantly different amino acid insertion profile for two (UAG and UGA) of the three PTCs (SI Appendix, Table  S1 ). With UAA as the PTC, the average of two independent experiments showed that the amino acid insertion pattern was similar to all other readthrough-inducing conditions with relatively comparable insertion frequencies of Gln (46.1%) and Tyr (51.8%) and a low insertion rate for Lys (1.9%) ( Fig. 2A ; SI Appendix, Table S1 ). With UGA as the PTC, insertion of the same amino acids (Trp, Arg, and Cys) was observed, but, compared with either endogenous readthrough events or ataluren treatment, significantly higher levels of Cys insertion (27.2%) were observed ( Fig. 2A ; SI Appendix, Table  S1) . Surprisingly, the amino acid insertion pattern at UAG was atypical after G418 treatment, with identification of 12 different amino acids at the PTC, some of which were inserted at very low levels (SI Appendix, Table S1 ). Lys was the predominant insertion at UAG with a frequency of 90% (SI Appendix, Table S1 ). Gln and Tyr, the other two amino acids that were normally inserted with . Ataluren treatment of mammalian or yeast cells increases PTC readthrough. Dose-response of ataluren treatment in 293H cells stably transfected with (A) PTC(UGA W12X ) or (B) wild-type (WT) NanoLuc reporters. The 293H cells stably expressing the NanoLuc reporters were treated with ataluren at the indicated concentrations. The data are expressed as the mean ± SD of the NanoLuc activity units normalized to total protein. (C) Western analyses of yeast cells showing readthrough products expressed from HA-HIS3 (UAA100) -SF reporters after ataluren or gentamicin treatment. Upper and Lower blots, respectively, were probed for the HA (N-terminal) and FLAG (C-terminal) epitopes. The predominant band at ∼17 kDa in the HA blot is an HA artifact detected only in cells expressing HIS3 (UAA100) -SF, but not HIS3 (WT) -SF.
much higher frequencies under all other conditions, were detected after G418 treatment, but with much lower frequencies of 4.7% and 1.5%, respectively (SI Appendix, Table S1 ). Treatment of cells with a higher concentration of G418 (15 μM) resulted in insertion of various amino acids at all three PTCs (SI Appendix, Table S2 ).
We next tested whether ataluren promoted insertion of similar sets of near-cognate tRNAs when HA-LUC (PTC20) -SF alleles were expressed in human cells. As expected, 293H cells stably expressing HA-LUC (PTC20) -SF alleles manifested increases in luciferase protein and activity after incubating the cells with ataluren or G418, and for all combinations other than UAA and ataluren these increases were clearly dependent upon the presence of a PTC in the luciferase allele (SI Appendix, Fig. S3 C and D). Luciferase readthrough products were purified and subjected to LC-MS/MS analyses as described above. Endogenous readthrough products purified from cells treated with 0.02% DMSO showed incorporation of two amino acids when UAA was the PTC: Gln (32.4 ± 8.9%) and Tyr (67.5 ± 8.9%) ( Fig. 2B ). When UAG was the PTC, Tyr (73.1 + 15%), Gln (25.2 ± 13.7%), and Trp (1.3 ± 1.4%) were inserted ( Fig. 2B) . Surprisingly, the decoding of UAG by Trp-tRNA is indicative of mispairing at the second position of the nonsense codon (SI Appendix, Table S3 ), a phenomenon not seen with yeast reporters or with the other two nonsense codons in these cells. Analysis of UGA endogenous readthrough products revealed insertion of Trp (41.4 ± 2.3%) and Arg (58.6 ± 2.3%) ( Fig. 2B ).
Characterization of readthrough products from 293H cells treated with ataluren (30 μM) showed insertion of Tyr (57.9 ± 11.3%) and Gln (39.9 ± 11.7%) at UAA; insertion of Tyr (43.9 ± 20.9%), Gln (53.2 ± 20.3%), and Trp (1.8 ± 1.9%) at UAG; and insertion of Arg (69.7 ± 11.3%), Trp (28.8 ± 11.4%), and Cys (0.7 ± 0.7%) at UGA ( Fig. 2B ). For UAA and UAG, the atalureninduced readthrough products were similar to the endogenous readthrough products in identity and relative insertion frequencies for the respective amino acids. UGA readthrough products from ataluren-treated cells showed a low but consistent frequency of Cys insertion that was not observed in the endogenous readthrough products. Treatment of human cells with another small-molecule readthrough effector, G418 (150 μM), resulted in the insertion of Tyr (47.9 ± 14.1%) and Gln (52 ± 14.2%) at UAA; Gln (86.5 ± 8.3%), Tyr (10.8 ± 7.0%), and Lys (2.0 ± 0.8%) at UAG; and Arg (64.5 ± 11.8%), Trp (17.9+6.8%), and Cys (17.7 ± 8.0%) at UGA ( Fig. 2B ). Thus, G418 treatment yielded a pattern and frequency of amino acid insertion that differed significantly from endogenous readthrough, with the greatest difference at the UAG PTC, followed by UGA, and then UAA. Comparisons to endogenous readthrough indicated that G418 altered PTC decoding in both yeast and human cells and in part may reflect G418's interference with the decoding process (1, 27) . This was found to be true for another aminoglycoside readthrough effector, gentamicin, in both yeast (21) and human cells (SI Appendix, Table S4 ).
Readthrough Products Are Functional. We used three approaches to determine whether the readthrough products synthesized after ataluren or aminoglycoside treatment result in functional proteins. First, the growth of yeast cells harboring the HA-HIS3 (UAA100) -SF allele was monitored when media lacking histidine was or was not supplemented with readthrough-promoting drugs. In SI Appendix, Fig. S8A shows that cell growth was restored after ataluren (or gentamicin) treatment, demonstrating that the amino acids inserted at the HA-HIS3 (UAA100) -SF PTC result in functional readthrough products. Second, we assessed the functionality of ataluren-induced luciferase readthrough products by replacing the WT glycine residue at position 20 with the six different amino acids identified in the yeast-based mass spectrometry analyses of Fig. 2A . These comparisons demonstrated comparable activity from all position 20 substitutions (SI Appendix, Fig. S8B ), indicating that, at least with respect to luciferase position 20, enzymatic activity is unlikely to be affected by ataluren-or G418-mediated readthrough. Finally, we determined whether protein produced via readthrough therapy from a disease-causing nonsense allele could also retain function. Recognizing that G542X is the most frequent CFTR nonsense mutation (28) , we used that allele to test this possibility. CFTR is a large, hydrophobic protein of generally low abundance, the expression of which is normally limited to epithelial cells. Because previous studies have shown that the local sequence context around a PTC acts as a primary determinant of readthrough efficiency (29, 30) , we inserted the CFTR-G542X mutation (TGA) and its local sequence context (three codons on either side) into a construct amenable to protein purification from HEK293 cells and mass spectrometry. This construct contained TGFP, the CFTR-G542X mutation and context, and C-terminal HA and 6× His tags (SI Appendix, Fig. S1D ). After PTC suppression, the full-length protein will contain TGFP, along with the HA and His tags, whereas the prematurely terminated protein will contain TGFP only. We observed an increase of full-length protein production after G418 (150 μM) treatment of HEK293 cells harboring this reporter ( Fig.  3A) and then identified the amino acids inserted at the PTC of the TGFP-CFTR-542X mRNA with G418 treatment. Consistent with the data obtained from LUC reporters in yeast and 293H cells, the same three amino acids (Arg, Cys, and Trp) were identified in this UGA suppression reporter system, but with different frequencies (SI Appendix, Fig. S9 and Table S5 ).
We then determined if these amino acid substitutions affected CFTR function. Site-directed mutagenesis was used to change the Where there are no boxes, three determinations were done. Data used to generate graphs in B are in SI Appendix, Table S6 .
GENETICS position 542 Gly codon to Arg, Cys, or Trp codons in a full-length cDNA. Transient transfections were then used to introduce each construct into HEK293 cells, and the core glycosylated (band B) and mature (band C) forms of CFTR were visualized by Western blotting ( Fig. 3B ). We found that the cell lines expressing the G542R and G542C forms of CFTR exhibited less maturation of band B to band C than WT CFTR, whereas the G542W cell line did not exhibit any band C. These results suggest that these three CFTR variants at position G542 either cause a partial defect in maturation of the endoplasmic reticulum (ER) form of CFTR to the mature cell-surface form or reduce the stability of the mature form of CFTR at the cell surface ( Fig. 3B ). To address these potential defects at the functional level, we constructed stable cell lines by transfecting the WT CFTR, CFTR-G542X, G542R, G542C, or G542W constructs into Fischer rat thyroid (FRT) cells, a cell type for which the conditions required for cell growth, PTC readthrough, and electrophysiological assays were compatible with G418 treatment. Using these stable FRT cell lines grown to confluence on filters, we performed short-circuit current (Isc) and transepithelial chloride conductance (Gt) assays to measure CFTR function. Forskolin was used to activate CFTR, and the CFTR inhibitor CFTR Inh -172 was used to confirm the specificity of CFTR function. To correct for any differences in CFTR expression, these measurements were then normalized to the CFTR mRNA level measured in each stable cell line by qPCR analysis. As expected, all three G542 substitutions displayed lower CFTR activity than WT ( Fig. 3 C and D). G542R and G542C showed ∼40-70% of WT Isc, which correlates well with less band C ( Fig. 3B ). We measured a corrected CFTR activity of only ∼10% for G542W, consistent with little or no band C observed in the Western blot. Taken together, these results demonstrate that CFTR variants resulting from readthrough retain variable but significant functionality.
Rules of Near-Cognate tRNA Insertion. With the exception of some aspects of G418-mediated nonsense suppression treatment, which may be atypical (see above), a comparison of the amino acids inserted at PTCs under different readthrough-inducing conditions, as well as with different reporters, shows considerable similarity in yeast and mammalian cells. In both organisms, Gln, Lys, and Tyr are inserted at UAA and UAG, and Trp, Arg, and Cys are inserted at UGA ( Fig. 2 ; SI Appendix, Tables S1, S2, S4, and S6) (21, 26) . Our analyses of readthrough products indicate that such biases arise, in part, because some nonstandard codon:anticodon base pairs are preferred over others (SI Appendix, Table S3 ). For example, in all instances where individual tRNA choices can be identified, position 1 U-G mispairing appears to be preferred over U-U ( Fig. 2 ; SI Appendix, Tables S1, S2, S4, and S6) (21) . Furthermore, the lack of Gly insertion at UGA and Gln insertion at UAA or UAG (with the exception of G418 treatment) suggests that U-C mispairing at position 1 of the codon is not readily accommodated. Given that the decoding center of the ribosome is geometrically constrained (31, 32) , the structure of the base pairs might be key determinants of mispairing. Alternatively, the relative abundance of tRNAs may govern insertion frequencies. To assess whether favored geometry of certain base pairs or tRNA abundance is the key parameter for this bias, we examined tRNA utilization in UGA readthrough. When UGA is the PTC, yeast cells show preferential insertion of Trp whereas 293H cells prefer insertion of Arg ( Fig. 2 A and B) . Arg insertion at UGA can be mediated by two near-cognate tRNAs: tRNA-Arg-UCG (using U-G mispairing at position 1 of the codon) and tRNA-Arg-UCU (using U-U mispairing at position 1 of the codon) (SI Appendix, Table S3 ). In yeast, Arg insertion at UGA most likely occurs by mispairing of tRNA-Arg-UCU, as tRNA-Arg-UCG expression has not been observed in these cells (33) . On the other hand, tRNA-Arg-UCG is expressed in mammalian cells (33) , and their insertion of Arg could be mediated via either of the Arg near-cognate tRNAs. We introduced and overexpressed a recombinant tRNA-Arg-UCG in WT [PSI−] yeast cells and monitored the insertion of Arg in the readthrough products. As a control, we overexpressed the endogenous tRNA-Arg-UCU. Northern analyses of total RNA isolated from the cells overexpressing the corresponding tRNA-Arg plasmids show considerable and comparable overexpression of the respective tRNA-Arg species (SI Appendix, Fig. S10A ). A comparison of the luciferase activity from these strains showed that cells expressing tRNA-Arg-UCG also showed increased luciferase activity (SI Appendix, Fig.  S10B ), indicating that the expression of this specific tRNA correlated with enhanced readthrough efficiency. Moreover, expression of the recombinant tRNA-Arg-UCG shifted the bias toward Arg insertion at a frequency of 89.3 ± 1.5%, in contrast to a frequency of 6.6 ± 3% in WT cells (SI Appendix, Fig. S10C ). In comparison, overexpression of the endogenous tRNA-Arg-UCU in yeast cells increased the frequency of Arg insertion to 30.6 ± 4.7% (SI Appendix, Fig. S10C ). These observations are consistent with the notion that U-G codon: anticodon mispairing is favored over U-U mispairing in position 1.
We also tested whether a U-C codon:anticodon mispairing event can be introduced at position 1 by overexpressing the corresponding near-cognate tRNA, tRNA-Glu-UUC. Even though strains overexpressing tRNA-Glu-UUC showed increased levels of the tRNA species compared with WT (SI Appendix, Fig. S10D ), the readthrough efficiency, as monitored by luciferase activity, was not altered (SI Appendix, Fig. S10E ), and the readthrough products from those cells showed insertion of the same three amino acids; i.e., Glu insertion was still not observed (SI Appendix, Fig. S10F ). Taken together, these data suggest that some nonstandard base pairs are favored over others for near-cognate tRNA insertion at PTCs and that the geometry of the base pairs is the most likely determinant of this bias. significant response to ataluren if they were concurrently being treated with inhaled tobramycin, an aminoglycoside with strong affinity for the ribosomal A site (34) . This observation suggested that tobramycin might be an inhibitor of ataluren's nonsense suppression activity, a possibility considered in the experiments of Fig. 4 . In HEK293 cells, stably expressing the W12X NanoLuc reporter treatment with a wide range of tobramycin concentrations failed to elicit any detectable readthrough activity of the drug (Fig. 4 ). However, in cells manifesting substantial ataluren-mediated readthrough of the PTC-containing NanoLuc mRNA, addition of tobramycin showed strong, dose-dependent reduction of ataluren's readthrough activity ( Fig. 4) , consistent with previous work showing that aminoglycosides reduce the ability of ataluren to promote readthrough but nonaminoglycoside antibiotics have no effect (12) . Quantitation of this effect indicated that tobramycin inhibition of ataluren's activity had an IC 50 of 20 μM (Fig. 4) . These results not only provide insight into the results of the aforementioned clinical trial, but also suggest that ataluren, like tobramycin, might also bind to the ribosome and thus affect near-cognate tRNA selection during readthrough.
Discussion
Therapeutic nonsense suppression is a potentially powerful approach to the treatment of the large number of genetic disorders caused by nonsense mutations, and several small-molecule drugs are being investigated for their capability to engender such therapy (1, 2) . Multiple experimental approaches with cell lines, patient cells, animal models, and genetic disorder patients have demonstrated that the drug ataluren can restore expression to genes and mRNAs otherwise inactive because of the presence of premature nonsense codons (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 23) . Collectively, such experiments have strongly suggested that ataluren promotes nonsense suppression, i.e., the insertion of near-cognate tRNAs at PTCs, but direct evidence for this activity has been lacking. Here, we determined the amino acid sequences of full-length LUC and chimeric CFTR proteins accumulating in control and readthrough effector-treated yeast and human cells, an approach that leads us to conclude that ataluren does indeed stimulate the incorporation of near-cognate tRNAs at PTCs. Notably, our analysis of the products of atalureninduced PTC readthrough demonstrates that a distinct subset of amino acids is inserted during nonsense suppression of reporter and disease-related mRNAs in human cells. These results, the observation that the amino acid insertions occurring as a consequence of ataluren treatment are similar but not identical to those occurring endogenously (Fig. 2) , and the finding that tobramycin specifically antagonizes the restoration of NanoLuc activity from a PTC allele by ataluren ( Fig. 4 ) negate other hypotheses that sought to explain ataluren's mechanism of action (17, 18) .
Ataluren's enhancement of near-cognate tRNA insertion favors a subset of tRNAs, generally leading to incorporation of Gln, Lys, and Tyr at UAA and UAG codons and of Trp, Arg, and Cys at UGA codons. The weak readthrough activity seen here with the HA-LUC (UAA20) -SF allele is atypical of that seen with UAA PTCs in other mRNAs (3, 4, 14) and most likely reflects the influence of codon context on readthrough (29) . Ataluren's influence over the extent of specific tRNA selection implies that this drug's target could be the ribosome, a conclusion consistent with the drug's markedly diminished efficacy in the presence of tobramycin ( Fig. 4) , an aminoglycoside known to bind to the ribosome's A site (34) . The apparent tRNA selection bias also suggests that both endogenous and ataluren-stimulated near-cognate tRNA mispairing are not random processes and that factors contributing to the apparent preferences are conserved. One component of this selection process is a set of favored mispairings, primarily at codon position 1, where U-G mispairing is preferred over U-U and where U-C mispairing is strongly disfavored (Fig. 2 ; SI Appendix, Table S3 ) (21) . As noted previously (21) , U-G mispairing at position 1 is likely to be favored because of its ability to act as a geometric mimic of a U-A base pair (32) . It is also plausible that the stability of nonstandard base pairs in position 1 is enhanced by modification of neighboring tRNA anticodon bases, e.g., thiolation of the wobble position uridine (35) . At position 3, multiple nonstandard mispairings are tolerated including A-C, G-G, A-G, and possibly others ( Fig. 2 ; SI Appendix, Table S3 ) (21) . Another determinant of tRNA insertion choice is the extent to which the tRNA is expressed, if at all. As shown in the experiments in SI Appendix, Fig. S10C , yeast cells prefer Trp insertion over Arg insertion at UGA, largely because they lack tRNA-Arg-UCG, a tRNA that allows U-G mispairing. When tRNA-Arg-UCG was provided, it both stimulated readthrough and led to a marked increase in the relative frequency of Arg insertion at the PTC, unlike tRNA-Arg-UCU overexpression (SI Appendix, Fig. S10C ) (36) .
An important observation from these experiments is that the readthrough products of ataluren-or aminoglycoside-mediated nonsense suppression tested here are at least partially functional and, in many cases, fully functional. Earlier experiments with reporter genes, cultured cells, mouse models, and clinical trials of human DMD and CF nonsense mutation patients indicated that readthrough products are functional (1, 3-13, 23, 37-39), but could not address the question of specific amino acid substitutions at specific codon positions. Although our studies have addressed substitutions in only a limited number of positions in luciferase, His3, and CFTR, it is nevertheless reassuring with respect to the potential of therapeutic nonsense suppression that all of the substitutions analyzed here retained some degree of function. It will be of interest to determine whether the observed activities can be increased by parallel approaches, e.g., antagonists of mRNA decay (2), specific protein correctors or potentiators [as have been successfully used for CFTR (39) ], or enhancers of the expression of certain tRNAs.
The efficacy of therapeutic nonsense suppression will also depend on the relative toxicity of the drug used to promote specific PTC readthrough. Ataluren has been shown to exhibit a favorable safety profile (27) , and we speculate that at least two aspects of its activity support this attribute. First, as discussed above, ataluren stimulates PTC insertion of a set of near-cognate tRNAs that closely resemble those inserted endogenously at much lower levels. As a consequence, the full-length proteins that accumulate in ataluren-treated cells are unlikely to have antigenic differences from the repertoire of readthrough proteins normally accumulating in a patient, albeit at low levels. This low-level expression of full-length proteins by endogenous readthrough of nonsense-containing mRNAs may be sufficient to allow the polypeptides that accumulate during ataluren-stimulated readthrough to be recognized as "self" by the immune system, thus minimizing the potential for an autoimmune reaction. Second, at least compared with G418, ataluren generally has modest readthrough activity, showing only readthrough of premature termination events, but lacking readthrough Fig. 4 . Tobramycin is a potent inhibitor of ataluren-mediated readthrough. The effect of tobramycin on NanoLuc activity in HEK293 cells expressing a UGA (W12X) NanoLuc reporter with either no prior treatment or following treatment with 10 μM ataluren for 48 hours. Initial stimulation of readthrough by ataluren in the absence of tobramycin was 15-fold above background.
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activity on the considerably more efficient process of normal termination (3, 40) . Ataluren's failure to promote detectable readthrough of normal termination codons undoubtedly minimizes the possible accumulation of C-terminally extended proteins and their likely inhibitory activity and immunogenicity. In this regard, the much higher readthrough activity of G418, as well as its deviation from the pattern of endogenous insertion of near-cognate tRNAs, may contribute to that drug's known toxicity (2) . These results increase our understanding of readthrough therapies and how they might be tailored to specific disease alleles.
Materials and Methods
Detailed methods, given in SI Appendix, SI Materials and Methods, are summarized here.
Reporter and Expression Plasmids. LUC-and HIS3-based reporters were used to analyze readthrough in yeast, and NanoLuc-, H2B-GFP-, p53-, LUC-, and TGFPbased reporters were used for the same purpose in human cells. For yeast, the construction and use of epitope-tagged LUC-PTC 20 reporters has been described previously (21) ; the HIS3-PTC 100 reporter used comparable epitope tags. In human cells, (i) using oligonucleotides DB4084 and DB4085 (SI Appendix, Table S7 ), UGA was introduced at codon 12 of the NanoLuc ORF expressed from pFN[Nluc/CMV/ Neo] (Promega); (ii) the H2B-GFP reporter was constructed as described by Lentini et al. (6) ; (iii) UGA PTCs at positions 196 or 213 of the p53 ORF were introduced using site-directed mutagenesis, and the respective constructs were expressed from pcDNA 3.1 Hygro(+); (iv) LUC-PTC20 constructs used in yeast were modified to include TPI1 intron 6 at nucleotide 239 and expressed from pSELECT Zeo; (v) CFTR-G542X (UGA) and CFTR-WT, along with codons 539-541 and 543-545, were fused to TurboGFP (TGFP) along with HA and 6× His tags and expressed from pcDNA 3.1 Zeo(+); and (vi) CFTR-G542R, G542C, and G542W were created by sitedirected mutagenesis of a WT CFTR cDNA and expressed from pcDNA 3.1 Zeo(+).
RNA and Protein Analyses. Procedures for RNA analysis, protein purification, and luciferase assays were as described previously (3, 19, 21, 38) or in SI Appendix. Western analyses and protein purification largely used antibodies or affinity resins targeted to the HA, FLAG, StrepII, T-GFP, and 6× His epitope tags expressed from the respective reporter constructs.
Amino Acid Sequence Analysis of Luciferase and GFP-CFTR Readthrough Products. Luciferase readthrough proteins were purified by epitope tag affinity chromatography and gel electrophoresis, subjected to proteolytic digestion, and analyzed by LC-MS/MS as described previously (21) and in SI Appendix. Raw data files were subjected to database searches, using SwissProt indices for Saccharomyces cerevisiae and human polypeptides. Comparable analyses based on CFTR used SEQUEST searches and Scaffold Q+.
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SI Materials and Methods
Readthrough Drugs
PTC Therapeutics, Inc. supplied ataluren for this study. Ataluren was dissolved in dimethylsulfoxide (DMSO) and cultured cells were treated such that the final DMSO concentration was 0.3% (vol/vol). Tobramycin, geneticin (G418), and gentamicin were purchased from Sigma and were administered in PBS.
Plasmid Construction a) Yeast expression plasmids
i. LUC reporters. Construction and use of epitope-tagged LUC-based PTC20 reporters has been described previously (1) .
ii. HIS3 reporter. The wild-type HA-HIS3-SF and the PTC-containing HA-HIS3(UAA100)-SF constructs consist of the yeast TPI1 promoter followed by an N-terminal 3X Hemaglutinin (HA) tag fused in-frame with the HIS3 gene (with/without an in-frame stop codon at HIS3 position 100), followed by in-frame StrepII and FLAG tags and the . Table 7 ), a point mutation was introduced into NanoLuc at codon 12, which changed the tryptophan codon (UGG) to a UGA PTC. Using standard techniques, the WT and W12X NanoLuc open reading frames were then subcloned into the NheI and XhoI sites of pcDNA3.1Zeo(-) (Invitrogen). These plasmid constructs were subsequently transfected into 293H cells and stable transfectants were selected using 0.2 mg/ml zeocin (Invitrogen) for three weeks. Yeast Cell Methods a) Protein purification and analyses. Cells expressing HA-LUC-SF or HA-LUC(PTC20)-SF were grown in synthetic complete (SC) medium lacking leucine with or without any drug treatment for readthrough induction. Readthrough products were purified as described previously (1) . Briefly, cells were collected by rapid filtration and resuspended in Buffer W (100 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA; supplemented with 0.1 mM DTT, 1 mM PMSF, and 1X protease inhibitor cocktail (Roche)). Cells were lysed using a cryoMill (Retsch) at 10 hertz for 20 min with constant liquid nitrogen cooling. Cell lysates 3 were clarified and luciferase was purified using Strep-Tactin resin according to the manufacturer's protocol (IBA, Germany). The efficiency of luciferase purification was monitored by analyzing fractions for luciferase activity, as well as by western blot analyses using anti-FLAG antibody (Sigma). Elution fractions from Strep-Tactin purification were concentrated using Amicon Ultra-15 30K NMWL filters (EMD Millipore) followed by analysis on 8% SDS-PAGE to resolve the readthrough product. Gels were silver stained (Proteosilver, Sigma) and processed for MS analysis. Three independent experiments were performed for all (one codon under one readthrough-inducing condition) except G418 treatment for which only two independent experiments were performed. b) RNA analyses. Total RNA isolation and northern analyses were performed as described previously (1) . Cells expressing either HA-LUC-SF or HA-LUC(PTC20)-SF were grown in synthetic complete (SC) media lacking leucine. Random-primed DNA probes made from the 1.6 Kb NcoI-XhoI luciferase fragment or 129 bp XhoI-XbaI Strep-FLAG fragment were used to detect LUC mRNA and HIS3 mRNA, respectively. Random-primed DNA probes made from the 0.6 Kb EcoRI-HindIII CYH2 fragment, or the 0.5 Kb EcoRI SCR1 fragment were used to detect the CYH2 pre-mRNA, CYH2 mRNA, and the SCR1 RNA as controls for NMD and normalization, respectively. Transcript-specific signals were determined with a FUJI BAS-2500 analyzer.
For tRNA expression analysis, total tRNA was isolated from wild-type cells and cells overexpressing either tRNA-Arg-UCG (DL869) (3), tRNA-Arg-UCU (ECB1451), or tRNA-Glu-UUC (ELH239) as described previously (4) . Isolated tRNAs (10 µg per sample) were resolved on a 6.5% polyacrylamide-8 M urea-0.1 M NaAc (pH 5.0) gel and electroblotted to Zeta-Probe membranes (Bio-Rad). 32 P-labeled oligonucleotides complementary to the tRNA of interest were used as probes. tRNA-specific signals were determined with a FUJI BAS-2500 analyzer. c) Western analyses. Yeast cells (0.4 OD600 units per sample) were collected and processed as described previously (1) . Samples were resolved by SDS-PAGE, transferred to Immobilon-P (Millipore) membranes, and incubated with anti-HA antibody (Sigma), anti-FLAG antibody (Sigma), or a monoclonal anti-Pgk1 antibody (Molecular Probes).
d) Protein half-life measurements.
Readthrough product half-life was quantified as described previously (5) . Yeast cells expressing HA-HIS3-SF or HA-HIS3(PTC100)-SF reporters were treated with ataluren and were grown in synthetic complete (SC) media lacking leucine to log phase. Cycloheximide (50 µg/mL) was added to terminate protein synthesis followed by collection of equal number of cells at various time points and subjected to western blot analyses.
Mammalian Cell Methods a) Protein purification and activity assays
i. NanoLuc activity assay. Prior to performing NanoLuc assays, zeocin was omitted from the media of the stable NanoLuc 293H cell lines for two passages due to its inhibitory effect on cell growth. WT and W12X reporter cells were then seeded into 96well culture plates at a density of 4 x10 4 per well. When cells became 50% confluent, they were treated with drugs for a period of 48 hours prior to assay. NanoLuc activity was measured using the Nano-Glo Luciferase Assay (Promega, N1110). All cells expressing the NanoLuc constructs were lysed in 50µl of 1X Passive Lysis Buffer (PLB) (Promega, E1941). However, the lysate of WT NanoLuc expressing cells was subsequently diluted 1:1000 with 1X passive lysis buffer. In a separate 96-well plate (Fisher 12-566-04), 5µl of the Nano-Glo Reagent were mixed with 5µl of each cell lysate and then incubated for 10 min at room temperature. Luciferase activity readings were then measured using a GloMax Multi Detection System (Promega). The data are expressed as the NanoLuc activity generated normalized to micrograms of total protein. Table S5 . Amino acids inserted at G542X after treatment of HEK293 cells with G418 
ii. Purification and analysis of
